Considering the movement of synthetic center of gravity of forklift caused by the cargo moving, a vehicle model including the cargo weight and its moving speed is established. Based on this model, a lateral stability controller with uncertain parameters is proposed. The proposed controller controls the four-wheel steering (4WS) forklift by analyzing feedback compensation angle which can realize fast tracking of the ideal yaw rate and sideslip angle with high robustness, solve the problem of insufficient lateral stability caused by the movement of cargo under the turning condition and improve the working efficiency of forklift. Under the operation conditions of a step input and double-lane-change (DLC) maneuver, the built forklift model is simulated and proved to be valid. Combined with the vehicle test, it is verified that the above control strategy can optimize the dynamic response indexes such as yaw rate and sideslip angle of the forklift and improve the impact of cargo moving on the lateral stability of forklift.
I. INTRODUCTION
As an important handling equipment, the forklift plays an important role in transporting cargos in logistics warehouses, workshops, airports, ports and other occasions, and with the requirements of low carbon, the electric forklift has been rapidly developed in recent years. Different from the traditional vehicles such as automobiles, forklift truck has its own specific characteristics due to the existence of cargo moving. The change of the synthetic CG (center of gravity) of the forklift should be considered in the estimate of the lateral stability of the forklift.
In order to reduce the risk of overturning and loss of control during operation, many research related to the control strategies and controllers in view of the particularity of the forklift. Jesus Felez et al. proposed a model of an antitip-over control designed for a counterbalance forklift and design an anti-tip-over controller based on Model Predictive Control [1] . P. Lemerle et al. analyzed the influence of certain important technical properties of the truck in [2] , such as the maximum speed, the position of CG, rear axle design features and tire properties when the forklift is cornering at excessive The associate editor coordinating the review of this manuscript and approving it for publication was Guangdeng Zong . speed. Xia Guang et al. proposed an integrated control strategy of the counterbalanced forklift truck chassis based on wavelet networks dynamics inverse internal model control method to realize the decoupling control of forklift truck active rear wheel steering and direct yaw-moment control [3] . M. Mahmoudi et al. developed active control mechanism based on fuzzy logic controller and linear quadratic regulator for improving vehicle path following, roll and handling performances simultaneously in [4] .
The control methods above take the influence of the synthetic CG of the forklift on lateral stability and longitudinal overturning into consideration, but does not consider the influence of the dynamic change of the synthetic CG caused by the cargo moving on the forklift's lateral stability during turning. On the other hand, with the development of unmanned driving technologies, the forklift will run autonomously in the warehouse in the future, as a result the lateral stability should be more important to guarantee the forklift following the desired path accurately and safely. In [5] , considering driver previewed pat, an integrated driver/DYC control system with adaptive PID adjuster is presented, which can regulate the steering angle and yaw moment. In [6] , for various road conditions and the initial errors of vehicle position and orientation, a controller with VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ genetic algorithm procedure is designed to track the driver intended path. Based on these, a vehicle model considering the influence of cargo moving on the lateral stability of forklift is proposed. Considering the uncertainty of the model parameters, a sliding mode controller is designed to track the ideal yaw rate and sideslip angle. Finally, vehicle lateral stability simulation analysis is conducted by typical test conditions under MATLAB/ Simulink environment and followed by the vehicle test under the condition of doublelane-change (DLC). The experiment results show that the above control strategy improves the impact of cargo moving on the lateral stability of the forklift. The forklift can lift and lower the cargo under the cornering condition without affecting the stability of the forklift. The strategy can improve the working efficiency of the forklift.
II. VEHICLE DYNAMICS AND PROBLEM FORMULATION
This section is divided into two parts: First, combined with the two-degree-of-freedom vehicle model, a forklift dynamics model considering the weight of the cargo and the speed of lifting and lowering is established. Second, it is followed by the problem statement.
A. DYNAMIC MODEL OF FORKLIFT
Considering the case of cargo moving, the forklift dynamic model, as shown in Fig.1 , is established in x, y, and z direction. The frame origin is located at the original vehicle center, with the x-axis pointing to the left vehicle side, the y-axis along the longitudinal vehicle direction pointing backward, and the z-axis pointing upward. Here, in Fig1, m denotes the forklift weight, q denotes the cargo weight, l f 0 and l f denote the distance between CG and the center line of the front axle in the case of without loading cargos and loading cargos separately, y denotes the horizontal distance between center of gravity of cargo and front axle center line of the forklift after time t, y 0 denotes the horizontal distance between center of gravity of cargo and front axle center line of the forklift initially, v denotes the moving speed of cargo, α denotes rear elevation of the gantry of the forklift, u denotes the running speed of the forklift, k f and k r are the corning stiffness of front and rear wheels separately, δ f and δ r are the wheel angles of front and rear wheels separately, I z is the yaw moment of inertia of vehicle, β is the sideslip angle, γ is the yaw rate about the z axis.
Without considering rolling motion of forklift, the simplified tire model is employed to derive the front and rear lateral tire forces [7] 
where F zi is the vertical tire load, F zi0 is the nominal tire load, µ is the tire-road friction coefficient, µ 0 is the nominal tire-road friction coefficient, C i is the tire cornering stiffness, γ zi and γ αi are model parameters, and α i is the wheel sideslip angle. Assume that the parameters have been identified, then (1) can be transformed into
It means that with the movement of CG, the vertical load of front and rear tires will change, also the wheel sideslip angle will change correspondingly. Shifting the centre of gravity towards the rear (negative y-direction) means improving the static stability against overturning forward, but impairing dynamic lateral stability [2] . Linearize the tire model and combine with the Newton's Laws of Motion, a two-dimensional model of the forklift is modeled as
The movement of synthetic CG is modeled as
where L is the distance between the center line of front axle and rear axle. Scenario 1: Cargo moving is an independent system relatively, which only affects the position of the synthetic CG in the direction of y and z axis. Set a threshold for the distance of cargo moving to ignore the effect of longitudinal stability caused by the change of the synthetic CG in the direction of z axis.
A vehicle model considering the influence of cargo moving on the lateral stability of forklift can be expressed as
The lateral stability control of the forklift considering the influence of cargo moving can be regarded as the tracked control of the ideal yaw rate and sideslip angle. Regardless of the vehicle movement under limited conditions, the vehicle has the best stability when it keeps the tire working in the linear region and moderately understeering characteristic. The desired yaw rate is given by [11] 
between the center line of front axle and rear axle.
From a security perspective of the forklift, the sideslip angle shall be zero regardless of the input of the front wheel angle. Only in this way can the longitudinal axis of the vehicle be consistent with the driving direction, which is convenient for control. According to methods mentioned above, the desired sideslip angle is given by
where k ε = 0 is the proportional gain.
On the basis of (6) and (7), the block diagram of the forklift stability control is given in Fig. 2 . The generalized feedback input angle required for making the forklift follow the ideal motion response, including the ideal sideslip angle and yaw rate, is calculated by the sliding mode controller. The input of controller includes two parts, one is the difference between the actual yaw rate, sideslip angle and the ideal value, which is calculated by the ideal 2DOF model. And another is the uncertain variations which is caused by the movement of cargo. A state estimator is also adopted to measure the sideslip angle because sensors for measuring it are too expensive to be employed in ordinary cars. 
III. CONTROL SYSTEM DESIGN
In this section, the model of forklift with variable parameters given above will be pretreated. Based on the model treated, the sliding mode controller will be designed and the analysis of the stability of the system will be carried out. Then, the stability analysis of the system with disturbance input is given out.
A. PRETREATMENT OF FORKLIFT MODEL
In this paper, a four-wheel steering forklift is adopted. In order to simplify the control of 4WS and adjust the ratio of the feedback angles of front and rear wheels, the front and rear wheel angles meet the following relationship [12] - [13] 
where δ * f denotes the theoretical front wheel angle of steering wheel with transmission ratio, δ i denotes the feedback input angle of the controller, k i denotes the input distribution coefficient of front and rear wheels. Hence, the desired yaw rate (6) can be written as
Due to l f will change with the movement of cargo, define l f = l f 0 + l, where l is the variable about time. Combined with (9), it can be written as
where
.
Use Lagrange formula to linearize equation (10) and eliminate the higher-order term, we obtain
Considering the forklift model above is a variable parameter system, in order to adopt the sliding mode control expediently, the following processing is carried out. (8) and (10), (5) can be changed to (12) , as shown at the bottom of the next page. Ignore the high-order item, and sort out (12) , it can be written aṡ
As a result, separate the items with uncertain parameters, the dynamics above is represented by the following nonlinear system:
is a controllable input which includes the feedback input angle of the controller δ i . u 2 (t) is a uncontrollable input which includes the theoretical front wheel angle of steering wheel with transmission ratio δ * f and its first derivativeδ * f . (t) = l is the item with uncertain parameters, l can be given by (4)
Considering the actual situation, owing to the limit of the distance of the cargo moving, l has its variation range. It means we can set | l| ≤ l c , l c is a constant related to the type of the forklift.
In (14), owing to the existence of both controllable and uncontrollable inputs, it is difficult to design sliding mode controller. Make the following assumptions: Scenario 2: Exogenous input τ (t) is introduced to replace (t) when considering the role of uncontrollable inputs in thė
16640 VOLUME 8, 2020 system. Although the value of τ (t) is difficult to calculate, it is a function of l. The distance of cargo moving lies in a certain range, and the range of centroid also lies in a certain range, then as a result τ (t) ≤ ρ, (14) can be changed tȯ
where + denotes the Moore-Penrose inverse. To design the sliding mode controller, view u(t) = u 1 (t)+(Q+ST Q ) + (R + S )u 2 (t) as a whole and discuss the influence of exogenous input on the stability of sliding mode system in section C.
B. DESIGN OF SLIDING MODE CONTROLLER
We consider the problem on the control of stability of the forklift as a design on the stability of an uncertain linear system described by [14] - [15] x
where x(t) ∈ R 2 is the state vector, u(t) ∈ R 2 is the input vector, especially, when we design the sliding mode controller, we ignore the disturbance τ (t), the actual input
are constant matrices, and (t) is a matrix with uncertain parameters l. By analyzing (13) , Q is of full rank. Firstly, the system without disturbances is considered, the system (18) ignoring the disturbances is transformed aṡ
Based on uncertain system (19) , construct the sliding mode surface [16] , [17] :
where (20) , in order to determine the appropriate parameters, it is necessary to analyze the stability of the sliding mode control system. If the trajectory can stay on the sliding surface, we can get
According to (21) , the input u(t) can be written as
Substituting (22) into (19) , we can obtain the following equivalent sliding mode system:
Owing to the complexity of the stability analysis of the upper formula, we can decompose the state space into two parts, one is the subspace of the sliding surface, and another one is the orthogonal subspace.
where K is a constant matrix satisfying
From equations (23) and (24), the system can be transformed to
Since σ (t) = 0 yielding x(t) = 0, if the subsystem (ẋ 2 (t) = A 22 x 2 (t)) is stable, then the sliding mode system (23) will be stable. From Lemma 2 in the appendix, the subsystem can be described aṡ
To analyze the stability of the subsystem, we construct the Lyapunov function as [18] V (
With the relation
we can get the time derivative of (29) along the trajectory oḟ x 2 (t):
On the basis of Lemma 3 in the appendix, we choose
for an ε > 0, (31) can be calculated aṡ
Lemma 1: If there exist a scalar ε > 0, a matrix C satisfying det(CQ + CS (t)T Q ) = 0, and a symmetric positive definite matrix U , the following inequality holds:
for a suitable scalar β > 0. Then the subsystem will be stable. Theorem 1: On the basis of Lemma1, for some positive definite matrices H and V, there exists a symmetric positive definite U satisfying the following Riccati function: Proof: The condition (33) can be written as
On the basis of (20) and T Q L −1 = T Q ,
And then substitute (20) and (34) then the input can be selected as the following type:
with a constant α > 0 which meet the following condition:
Proof: Define a Lyapunov function:
ANALYSIS OF THE EFFECT OF DISTURBANCE
Due to the introduction of hypothesis 2, it is necessary to analyze the effect of the disturbance. Consider the following system (18) . τ (t) denotes the disturbance which satisfies τ (t) ≤ ρ for some known constant ρ. The control input
with α > 0 satisfying (37) and λ > 0 satisfying
Then the Lyapunov function is
and its time derivative is calculated aṡ
The trajectory of the system can be drived onto the sliding surface by the control input despite of the disturbance input for all subsequent time. Then the sliding mode system will be stable [19] - [20] .
D. SLIP ANGLE OBSERVER
As a state variable of vehicle system, the sideslip angle is a requisite in the sliding mode control system. However, its measurement of it requires expensive devices, which is not practical in engineering application. In this paper, a Luenberger observer is applied to estimate the sideslip angle [21] .
Since the system (5) can be written as
The observer can be designed as
IV. SIMULATION AND VEHICLE TEST
In this section, the model of the forklift in chapter 2 will be analyzed by simulation and the sliding mode control strategy will also be testified. Then, through the vehicle test, it is verified that the forklift model and its control strategy proposed in this paper can improve the influence of cargo moving on lateral stability.
A. SIMULATION OF THE MODEL OF FORKLIFT
Model the forklift in MATLAB/Simulink and the parameters for the vehicle model are shown in the following table.
1) A STEP INPUT OF THE FRONT WHEEL
Test the simulation model under a step input of the front wheel. The speed of vehicle is taken as 10km/h and the loading cargo is set to 2000kg. In the case of speeds of 0.2m/s, 0.5m/s and 0.8m/s, the loading cargo rise from the first second for 4 seconds, stay for 1 second and then fall for 4 seconds, simulation results are shown in Fig.3-4 . Specifically, Fig.3-4 depicts the time history of the yaw rate and sideslip angle respectively.
It can be seen from the simulation results that with the increase of the cargo speed, the yaw rate and sideslip angle also increase. It means that the stability of the forklift decreases. Especially, when the speed gets to 0.8m/s, the yaw rate and sideslip angle achieve overshooting and oscillating apparently. At sixth second, the sideslip angle even gets to 0.12rad, the vehicle is already in a state of instability at this moment. Regardless of the weight and speed, the stability of the forklift appears varying degrees.
2) ANALYSIS UNDER THE OPERATION CONDITION OF DOUBLE LANE CHANGE
The operation condition of double-lane-change (DLC) is often used to test the lateral stability of vehicles. Path of the DLC maneuver is shown in Fig.5 [22] . VOLUME 8, 2020 The DLC maneuver testing was conducted under a constant speed of 15 km/h and the loading cargo is set to 3000kg. The cargo rises from the first second at the speed of 0, 0.25m/s, 0.5m/s seperately. It is clearly seen from Fig.6 and Fig.7 that with the increase of the speed, the yaw rate and sideslip angle are increasing accordingly and peak at the time of 4.9s. That's because the faster the systhetic center moves backward, the worse the corresponding lateral stability will be. Shifting the centre of gravity towards the rear (negative y-direction) means improving the static stability against overturning forward, but impairing dynamic lateral stability [2] . In summary, it is necessary to adopt appropriate control strategies to reduce the impact of cargo on forklift stability.
B. SIMULATION OF CONTROL STRATEGY
In order to verify the effectiveness of the control strategy above, the traditional PSO controller is also introduced to compare. The PSO controller tracks the ideal yaw rate and sideslip angle by searching for the optimal particle. The formula for updating particle speed and position is [23] 
where c 1 = 1.5, c 2 = 1.5 denote the learning factors, ω = 0.8 denotes the inertia weight. r 1 and r 2 are the random numbers which are generated in the interval [0,1]. The number of initialization population is 30 and the number of iterations is 100. Based on the control strategy in section II and the real test data, the parameters of the sliding mode controller can be chosen by the following steps. Firstly, the input distribution coefficient of front and rear wheels k i = 0.2 [24] . Then, consider the uncertain system (20) with the following parameters: satisfies (41). Then, the switching gain can be selected as α = 1 from (37), the gain of the disturbance can be selected as λ = 0.5 from (46). Then the control input is chosen by (40). By comparing the sliding mode controller with the traditional PSO controller, simulation results are shown in Fig.8 and Fig.9 . The sideslip angle and yaw rate began to deviate from the expected value after the cargo moved. It can be seen from the simulation results that the two kinds of controllers are all effective in keeping the stability of the vehicle. Under the control PSO controller and SM controller, the actual yaw rate can be controlled close to the ideal reference value, and the vehicle sideslip angle can be maintained in a stable range. However, we can note from Fig.8 that under the PSO controler, the response curve of yaw rate is not as well as the SM control and the deviation is larger. Similar properties are shown in Fig.9 , where it can be clearly seen that the sideslip angle under PSO controller is a bitter larger than that under SM controller.
C. VEHICLE TEST OF THE CONTROL STRATEGY
In order to further verify the feasibility and effectiveness of the control strategy proposed in this paper, the MK35 experimental electric forklift is used as shown in Fig.10 and its turning radius of it is 2.45m. DSP28335 is used as the controller and the actuator is the DC steering motor. The controller receives the sensor signal, which includes yaw rate, steering angle, forklift velocity, and regulates the front and rear wheels by outputting feedback angle which is calculated by the sliding mode algorithm. During experiment, the boundary condition, the maximum height of cargo is 6m, is set in the controller to prevent forklift from overturning.
The front wheel angle is controlled by the steering wheel and corrected by the feedback input angle of the controller. The rear wheel angle is regulated by the controller. The expressions are shown as (8) . The tests were carried out with and without control.
The traveling speed of the forklift is set as 15 km / h, and the lifting speed of the goods is 0.5 m/s. Fig.11 depicts the results of the applied control and unapplied control vehicle tests. Through the analysis, when the control is not applied, the yaw rate increases significantly due to the rising of cargo which reaches to the peak value of 0.65 rad/s at 4.8s. Compared with the simulation results, it is a bit larger because the cornering stifness is also changing with the movement of cargo and hasn't been considered in this manuscript. At this time, the vehicle is close to the unstable state and raises the operation difficulty of the driver. Through the sliding mode controller and PSO controller, the yaw rate is significantly reduced, which can basically track the ideal yaw rate. However, since the PSO controller is worse at the robust, and it is easy to fall into local optimum and slow at finding the optimum, its tracking precision is not as good as the sliding mode controller. Specifically, the peak value of the PSO controller is 0.13 rad/s at 1.3s while the sliding mode controller is only 0.1 rad/s. The amplitude of oscillation also can verify the better performance of the sliding mode controller.
The result of the tese shows that the lateral stability controller based on the sliding mode control algorithm considering the uncertainty of the model parameters can improve the influence of the stability of the forklift caused by the cargo lifting in the turning operation.
V. CONCLUSION
Firstly, based on the vehicle model, a lateral stability model considering the movement of cargo is established in this paper.
Secondly, a lateral stability controller based on the sliding mode algorithm is proposed. On the basis of traditional sliding mode control and the uncertainty of the forklift model, a sliding mode control algorithm for a specific uncertain system is obtained by separating the parameters. The stability of the sliding mode control system is analyzed by the Lyapunov stability criterion.
At last, the validity of the proposed control strategy is verified by the simulation results and vehicle test. It is easy to draw a conclusion that, compared with the traditional controller, the sliding mode controller in this paper suppresses the vibration of the sideslip angle and tracks the ideal yaw rate better. The forklift offers a better performance when cargo moves under the turning condition. It means that the strategy can improve the working efficiency of the forklift.
